The role of accuracy in the representation of infiltration on the effectiveness of real-time flood forecasting models was investigated. A simple semi-distributed model of conceptual type with adaptive estimate of hydraulic characteristics included in the infiltration component was selected. Infiltration was described by a very accurate approach recently formulated for complex rainfall patterns, or alternatively through a simpler formulation known as an extension of the classical time compression approximation. The results indicated that, for situations involving a significant rainfall variability in space, the inaccuracy in the representation of infiltration cannot be corrected by the adaptive component of the rainfall-runoff model. A preliminary analysis of the role of an approximation of saturated hydraulic conductivity to be used in each homogeneous area of the semi-distributed model used both in non-adaptive version and in real-time is also presented.
INTRODUCTION
Prediction of discharge by rainfall-runoff models has a crucial role in designing hydraulic structures, as well as for water resources planning and management. Conceptual models of semi-distributed type are usually recognized to be appropriate for this objective, particularly in the case of real-time applications directed to mitigation of hydrological risk for which a simple model structure is required. These models should adequately represent the infiltration process, which gives a considerable contribution to losses in most natural basins.
Simple physically-based approaches are generally used for describing point infiltration, such as the extended relations by Philip (see Chow et al., 1988) , Green-Ampt (see Mein & Larson, 1973) , and the relationships developed by Smith & Parlange (1978) . New approximate analytical techniques (Parlange et al., 1999 (Parlange et al., , 2000 were also proposed. In principle, these methodologies may be applied for computing soil infiltration, provided the latter does not at any time exceed the rainfall rate. Further, they should incorporate a spatially "equivalent" soil hydraulic conductivity when areal applications are involved.
In order to incorporate the effects of no-rainfall periods within a large-scale meteorological perturbation, this type of formulation was made more general by a procedure based on the extension of the standard Time Compression Approximation (TCA) (Peschke & Kutílek, 1982) . However, the extended TCA neglects the redistribution of soil water during no-rainfall periods, and large errors are produced on the infiltration rate after a long rainfall hiatus (Smith et al., 1993) .
Recently Corradini et al. (1997) proposed a conceptual infiltration model (hereafter referred to as the CI model), which overcomes the above difficulty. It was found to provide infiltration rates very similar to those computed by the Richards equation, even for very complex rainfall patterns on a wide variety of soils. On the other hand, although the CI model is inherently a very efficient model, its usefulness as a component of adaptive watershed modelling must be proved. In fact, it requires more information on hydraulic soil properties and produces a relative increase in model complexity; furthermore, the adaptive estimate of model parameters could, in principle, reduce its utility in real-time applications.
The above issue is investigated here by using a simple on-line flood forecasting model in two different versions, incorporating as an infiltration component the extended TCA or the CI model. Because of the high accuracy of the CI model, with errors in cumulated infiltration and time to ponding of the order of a few percent (see Corradini et al., 1997) , the results obtained by using the semi-distributed rainfallrunoff model with infiltration computed by this component and rainfall pattern assumed known for the entire event is indicated as "observed" hydrograph. A further objective of this paper is to address the problem of selecting a spatially equivalent value of saturated hydraulic conductivity in each homogeneous area of the basin and to investigate the interaction of its approximation by the corresponding average value with the adaptive correction of forecast discharges.
REPRESENTATION OF INFILTRATION
Given a time varying rainfall rate, r, the soil surface may undergo a sequence of saturated and unsaturated stages. Consider the general rainfall pattern illustrated in Fig. 1 , where surface saturation is reached during a first storm at time t p1 and then, after a rainfall hiatus between times t h and t n , at time t p2 .
For one-dimensional infiltration into a homogeneous soil of hydraulic conductivity K, water content θ and soil water diffusivity D, the water flow as a function of depth, z, and time, t, is described by the Richards equation: subject to the following initial and boundary conditions:
Boundary condition at the soil surface (z = 0)
-Pre-ponding stage:
-Post-ponding stage:
-No-rainfall stage:
where θ i and θ s denote initial water content and water content at natural saturation, respectively, and q 0 is the water flux at surface. The CI model assumes θ i invariant with depth and describes infiltration through the following equation:
The subscript "0" indicates quantities at soil surface; I′ = I -K i t, with I being cumulative infiltration and K i = K(θ i ); and β and p being parameters depending on the shape of θ profile. Specifically, β is a shape factor ranging between /4 (ellipsoidal profile) and 1 (rectangular profile); p is linked with the fraction of the profile depth where the Darcy flow elongation acts. The variable G(θ i , θ 0 ) is the net capillary drive at the wetting front defined as:
At time to ponding t p1 , equation (7) reduces to:
where K s = K(θ s ). For t p1 < t <t h , equation (7) may be solved with θ 0 = θ s to obtain the infiltration capacity f c in the form:
A new rainfall period after a rainfall hiatus of duration t n -t h (see Fig. 1 ) produces re-infiltration into a soil with soil water content at time t n variable with depth. Equation (7) is still applicable provided some adjustments linked to the concept of compound θ profiles are incorporated (see Corradini et al., 1997) .
For the infiltration component based on the extended TCA the Green-Ampt formulation was selected. This approach neglects the redistribution of soil water during the rainfall hiatus and therefore underestimates the infiltration in the following rainfall period (see Fig. 1 ). This was shown by Smith et al. (1993) by investigations of the post-hiatus infiltration rate associated with different durations of the no-rainfall period on four soil types.
The spatially equivalent saturated hydraulic conductivity, K se , to be used for K s , must be chosen taking into account the random nature of K s . A quantitative formulation for K se has been derived, which incorporates the "run-on" effects (see also Corradini et al., 2002) , in the form:
where <K s > and C v (K s ) are the mean value of K s and its coefficient of variation, respectively; d is the rainfall duration; and t p (<K s >) is the time to ponding expressed by the Green-Ampt relation with K s = <K s >. This equation requires the knowledge of the first two moments of the random variable together with the rainfall pattern. It may be correctly applied when hydrograph simulations have to be carried out for given hyetographs. In the absence of a specific relationship defining K se a practical assumption is typically K se = <K s >. In this work, synthetic rainfall-runoff events and Monte Carlo simulations are used, considered as a benchmark. The study is limited to the analysis of the accuracy of both the simpli-fication K se = <K s > and the relationship given above when floods of moderate magnitude are involved. For real-time flood forecasting, K se could be updated assuming that d is the current time.
THE FORECASTING MODEL STRUCTURE
For the analysis of the role of infiltration accuracy on the forecasted discharge, a simple semi-distributed adaptive model was selected (Corradini, 1991; Corradini & Melone, 1992) . The model represents the transformation of the effective rainfall into direct runoff by the classical Clark translation-routing procedure and infiltration is considered to be the major loss. The basin is divided into n zones by isochrones of travel time from the outlet. In each zone, assumed as homogeneous, the areal-average rainfall rate is used for r and equivalent space invariant soil hydraulic properties are chosen. The discharge at the basin outlet is computed as:
where B is the base flow assumed as time invariant; r m is the rainfall rate in the mth zone; q 0,m is the infiltration rate in the mth zone; and h m is the instantaneous unit hydrograph of the mth zone expressed by: 
The quantity q 0,m is computed by the CI model or the extended TCA approximation, while the involved hydraulic parameters T c and T K are assessed a priori. The initial soil water content involved through q 0,m in equation (14) is adapted on-line by using the following objective function M(θ i ): 
where Q E is the observed discharge at the basin outlet. Equation (16) requires the same trend for the theoretical and observed discharge associated with the last two time origins of forecast. Lastly, a runoff scaling factor for the computed direct runoff is incorporated in equation (14). It is derived by requiring that Q(t b ) = Q E (t b ). For the extended TCA-based model the estimate of Q F was carried out by the same scheme as the one used for the CI-based model.
RESULTS
The Tiber River basin at Santa Lucia, located in central Italy, was selected for this study. The basin area is 934 km 2 , with the parameters of the Clark procedure T c and T K equal to 11 h and 8 h, respectively. Baseflow was set equal to zero, while synthetic rainfall patterns were distributed on three sub-areas, each assumed homogeneous. The hydraulic soil properties and the parameters of the CI model were typical of finetextured soils and referred to Soil B of Smith et al. (1993) 
The parameters β and p of equation (7) were estimated through the procedure reported in Corradini et al. (1997) which assumes βp = 1.7 during the redistribution period. The results obtained by the application of the CI model are shown for two sample events in Figs 2 and 3. Figure 2 refers to a rainfall pattern with a simple storm in the region closer to the outlet, while in the remaining part of the basin, in addition to this, an earlier storm was incorporated. It can be seen that the extended TCA-based model provided flow forecasts greatly overestimated for L = 6 h. On the other hand, Fig. 3 , which refers to a situation with different spatial variability of rainfall, shows that both the extended TCA-based model and the CI-based model underestimated the forecasts in the rising limb. Two effects contribute to these errors: rainfall occurring after the time origin of forecast and infiltration after a rainfall hiatus. Specifically, the rising limb forecasts of Fig. 2 are not affected by errors in future rainfall and the CIbased model, which gives a correct infiltration, provides adequate flow forecasts, while the simpler extended TCA-based formulation leads to considerable errors produced by the inappropriate underestimate of post-hiatus infiltration (Smith et al., 1993) in the upper part of the basin. In fact, the peak flow was computed through the extended TCA which has been forecast at a time t b when, according to the values of T c and T K , the observed discharge was generated by the effective rainfall correctly estimated for the first pulse rainfall. The adaptive parameter estimated at that time cannot correct for the errors in the post-hiatus effective rainfall, which may contribute considerably to overestimate the direct runoff peak. Furthermore, for the event of Fig. 3 the flow forecasts of the rising limb with L = 6 h are influenced by the assumption of no rainfall after the current time, which determines a considerable underestimate for both the models tested. In addition, it can be seen that the curve for the extended TCA-based model experiences a greater distortion, which can be ascribed to the errors in computing post-hiatus infiltration. Lastly, the representation of the spatially equivalent saturated hydraulic conductivity was investigated using synthetic rainfall-runoff events and Monte Carlo simulations. It was found that for a given rainfall pattern, the proposed formulation of K se led to a reasonable reproduction of the total volume of Hortonian overland flow, while the rising limb of the hydrograph at the hillslope scale experienced a distortion which decreased at basin scale. On the other hand, as can be seen for the sample event of Fig. 4(a) , the use of K se = <K s > typically provided a considerable underestimate of the total volume of direct runoff associated with a rainfall pattern completely known in advance; the errors became lower with increasing rate and duration of rainfall. Further- more, the effect of using K se = <K s > in real time was investigated. Figure 4(b) shows that the adaptive component of the model at each time origin of forecast corrected appropriately the error due to this simplification. This was an expected result because in any case the error on K se affects the results in the same direction at both t b and t b + L and the adaptive parameter may therefore compensate for the underestimate of discharge.
CONCLUSIONS
On the basis of synthetic data, it appears that the CI model for point infiltration proposed by Corradini et al. (1997) is suitable as a component of on-line flood forecasting models.
The CI model cannot be usefully replaced by the classical point infiltration models modified by the extended TCA, because infiltration would be inadequately represented (b) (a) in practical situations involving rainfall variability in space and moderately long periods of soil water redistribution. The errors due to the extended TCA scheme, even if a no-rainfall period limited to a few hours is considered, cannot be corrected by the adaptive component of the rainfall-runoff model.
Here, this result has been really illustrated by an analysis referred to a specific duration of rainfall hiatus, but it is supported by further computations carried out for different time intervals with no-rainfall and which gave a similar trend for the errors on both the post-hiatus infiltration (see also Smith et al., 1993) and the forecast discharges.
The proposed formulation for representing the spatially equivalent saturated hydraulic conductivity, K se , appears to describe adequately the effect of random variability of K s , particularly in terms of total volume of Hortonian overland flow. The approximation of K se as <K s > was found to be inadequate for simulation purposes by non-adaptive rainfall-runoff models, while it was found acceptable for forecasted discharges updated on-line.
